Zeolites are composed of aluminoslicate frameworks that provide regularly arranged nanocavities or nanochannels. While zeolitic frameworks are assembled with covalent bonds, they also have ionic sites as components of \[AlO~4~\]^−^. The inclusion of negatively charged \[AlO~4~\]^−^ tetrahedra requires counter cations such as Na^+^ or H^+^ to satisfy the charge neutrality of the system. Counter cations are generally involved not in the framework, but inside the nanocavities. Such counter cations inside the nanocavities can be easily substituted by various cations, even at low temperatures, leading to zeolites with distinct ion-exchange ability and cation-specific selectivity, which is advantageous for the efficient removal of fission products from high-level harmful nuclear waste[@b1][@b2][@b3]. Application to the management of radioactive waste leaks, such as ^137^Cs, has especially attracted attention after the earthquake disaster in 2011[@b4]. However, the ion-exchange behavior of counter cations within the zeolitic framework has been poorly understood, especially at the atomic scale. It is considered that the cationic species that absorb into the nanocavities of zeolite are dependent on the size and shape of the zeolitic framework, as well as the size and chemistry of the ionic species. To clarify this issue, precise atomic-level information of the local structures of absorbed cations in the zeolitic framework is required, but has not yet been successfully obtained due to the scientific and technical reasons discussed below.

There have been a large number of X-ray and/or neutron diffraction investigations performed on different kinds of zeolites with different ion-exchanged cations, often combined with Rietveld analyses[@b5][@b6][@b7] to determine where absorbed cations are located in the zeolitic frameworks or nanocavities. Such diffractometric analyses can provide statistically averaged atomic structures, but can do not provide direct information on the non-periodic local structures. Non-framework species within zeolites do not necessarily have periodic structure; therefore, microscopic methods could be effective for such analyses. High-resolution transmission electron microscopy (HRTEM) has proven to be a powerful technique for nanostructural analyses in real-space[@b8][@b9][@b10]. However, the application of this method to electron sensitive zeolites is severely restricted due to electron irradiation damage of the specimen[@b11]. In addition, the crystal structures of zeolites are very complex, so that their projected potential is not simple, even for a low-indexed zone axis. To precisely determine cation site locations requires a microscope with much higher resolution. Recent improvements in electron optics have enabled to correction of the spherical aberration (C~3~) of magnetic lenses[@b12]. While aberration-corrected HRTEM (AC-HRTEM) imaging has provided significant improvement in spatial resolution, it has also caused a decline of the phase contrast, especially in the low spatial frequency region[@b13]. The degradation of image contrast prohibits the imaging of electron-sensitive zeolite with large periodic structure, because more electron irradiation is required to improve the poor contrast of the HRTEM image. Therefore, to achieve AC-HRTEM imaging of zeolitic frameworks, it is necessary to select optimum electron microscope imaging conditions to minimize electron irradiation damage to the specimen. In contrast to the HRTEM mode, high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) imaging has significant advantage in quantitative image contrast; however, intense electron probing for zeolite observations is destructive. Direct imaging with HAADF-STEM of Ag cations captured in a zeolitic framework has already been reported[@b14]. However, the detailed structure of the zeolitic framework could not be visualized in that work due to the extremely low image contrast. The locations of metal ions relative to the zeolitic framework are thus somewhat ambiguous. In this study, the precise mechanism for Cs^+^ exchange within NaA zeolite was examined using high-resolution electron microscopy and theoretical calculations. Direct imaging of Cs^+^ cations captured in zeolites is still a challenge because the Cs^+^ ions are not firmly anchored to the zeolitic framework and their atomic number is not so large. *Ab initio* density functional theory calculations were also performed to determine the atomic-level structure of Cs^+^ in the zeolitic framework observed using HRTEM and STEM techniques.

Results
=======

Ion-exchange of caesium within NaA zeolite
------------------------------------------

Cs^+^ exchanged zeolite was prepared by soaking small crystallite NaA zeolite powder in 7.5 mmol/L of CsCl aqueous stock solution at room temperature. The cation-exchange between Cs^+^ and Na^+^ was performed for 12 h; however, some of the Na^+^ ions included in zeolite did not exchange. The results of energy dispersive X-ray spectrometry (EDS) indicate that the atomic ratio of captured Cs^+^ and remaining Na^+^ within the zeolite was approximately 1 to 3 ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). [Figure 1](#f1){ref-type="fig"} shows the known crystal structure of NaA[@b5]. There are three types of Na^+^ sites within NaA, which has two types of cages. Sites at the center of single six-membered ring (S6R) and single eight-membered ring (S8R) are denoted Na1 and Na2 respectively, although the Na2 site is slightly shifted from the center of S8R and forms four symmetrically equivalent positions that have ca. 25% occupancy; a Na^+^ cation at a Na2 site exists in either of the four positions in a S8R. Another extra site of Na3 is located at the inside of the α-cage, but the occupancy of Na^+^ at this site is relatively low (6.6%).

High-angle annular-dark field scanning transmission electron microscopy (HAADF-STEM)
------------------------------------------------------------------------------------

To minimize unnecessary electron irradiations, very fast and coarse scanning conditions, the pixel dwell time and a pixel size are 10 μs per pixel and 0.04 nm^2^, respectively, was applied during objective lens focusing. When starting the HAADF-STEM image capture, the scanning condition was switched from focus mode to capture mode with a dwell time of 32 μs per pixel and a pixel size of 0.01 nm^2^ (Nyquist spatial frequency of captured image is 5 nm^−1^). [Figures 2(a) and (d)](#f2){ref-type="fig"} show raw experimental HAADF-STEM images of NaA and Cs^+^-exchanged NaA, respectively. Both images were taken with first one slow-scan because the samples were already damaged after this first scan. The raw HAADF-STEM images contained much noise due to severely restricted electron dose. To visualize the detailed structure, a Bragg filter based on a fast Fourier transform (FFT) was applied to the HAADF-STEM images and the results are shown in [Figs. 2(b) and (e)](#f2){ref-type="fig"}. Although the signal-to-noise ratios of the raw HAADF-STEM images were very low, highest order spots appeared in the FFT patterns, which guaranteed that each HAADF-STEM images had detected information of sufficiently high spatial frequency (see [Fig. S2](#s1){ref-type="supplementary-material"}). Only the bright contrast corresponding to zeolitic framework is observed in the HAADF-STEM image of NaA, as shown in [Fig. 2(c)](#f2){ref-type="fig"}. On the other hand, in addition to the contrast of the zeolitic framework, extra bright spots were observed in the image of Cs^+^-exchanged zeolite, as shown in [Fig. 2(f)](#f2){ref-type="fig"}. It should be noted that there are two types of bright spots; those at the center of the zeolitic framework and those on the zeolitic framework. Considering the atomic structure of the zeolitic framework, these bright spots correspond to Cs^+^ captured at Na2 sites. The atomic number of Cs is large compared with those of atoms in the aluminosilicate framework; therefore, Cs^+^ column sites are observed as much brighter contrast than the framework. However, no bright contrast was observed at Na1 and Na3 sites in the image of Cs^+^-exchanged NaA, in contrast to that previously reported for Ag^+^ within zeolite A[@b14]. Although all Na^+^ cations can be exchanged with Cs^+^ cations under extreme conditions where there is reductive Cs^(0)^ gas[@b15][@b16], Na^+^ cations remained at Na1 sites under the present conditions. The results of HAADF-STEM observations indicate that Cs^+^ cations were exchanged with only Na^+^ cations at Na2 sites. Furthermore, Cs^+^ cations appear to be located closer to the center of S8R, while Na^+^ cations in NaA are slightly shifted from the center of S8R with a partial occupancy of 25%. In contrast to Cs^+^ cations, Na^+^ cations located at Na2 were not visualized in the HAADF-STEM image, as shown in [Fig. 3(c)](#f3){ref-type="fig"}. The projected atomic density of Na at Na2 sites is much lower than those of zeolitic frameworks and Na is a comparatively light element; therefore, the image contrast for Na^+^ cations at Na2 sites could not be detected in the HAADF-STEM image. The experimental HAADF-STEM images are in good agreement with images simulated from the model structure (see [Figs. S4 and S5](#s1){ref-type="supplementary-material"}).

Aberration corrected high resolution transmission electron microscopy (AC-HRTEM)
--------------------------------------------------------------------------------

AC-HRTEM observations were performed to precisely evaluate the locations of Cs^+^ cations captured at Na2 sites. Negative spherical aberration imaging (NCSI) conditions[@b17][@b18][@b19][@b20] were applied for AC-HRTEM observations. In the NCSI mode, the combination of negative spherical aberration and suitable over-focus conditions causes bright and sharper atomic contrast from additional combination of phase and amplitude contrast[@b20][@b21], which is favorable for the structural analysis of complex zeolitic frameworks[@b22]. However, in contrast to the HAADF-STEM observation, AC-HRTEM imaging is very sensitive to dynamical scattering of the electron beam. Therefore, all AC-HRTEM images were acquired from a very thin sample area, such as a wedge-shaped edge. [Figures 3(a) and (d)](#f3){ref-type="fig"} show experimental AC-HRTEM images for NaA and Cs^+^-exchanged NaA, respectively. To minimize electron irradiation damage, all AC-HRTEM observations were conducted with a minimum-dose-system[@b23]. The raw AC-HRTEM images still contained much noise, as did the HAADF-STEM images; therefore, the raw images were also processed with the Bragg filters and the results are shown in [Figs. 3(b) and (e)](#f3){ref-type="fig"} (see also [Fig. S3](#s1){ref-type="supplementary-material"}). The detailed structures of the zeolitic frameworks were clearly visualized in the processed AC-HRTEM images, in contrast to that observed in the HAADF-STEM images. Although Na^+^ cations at the Na2 sites were still not clearly imaged, Cs^+^ cations at the Na2 sites were visualized as sharp bright contrasts at the center of S8R. [Figure 4](#f4){ref-type="fig"} shows AC-HRTEM images of partially Cs^+^-exchanged NaA simulated from three structural models with various Na2 sites. Comparison of the simulated images with the experimental image indicates that the Cs^+^ cations captured at Na2 sites are located exactly at the S8R center. On the other hand, the image contrast of Cs^+^ cations at Na2 sites that overlap with the zeolitic framework in the projected image is degraded in the experimental AC-HRTEM image. The projected potential of a Cs^+^ cation site overlapped with the zeolitic framework is much higher, so that the decrease of the electron beam amplitude due to thermal diffuse scattering (TDS) may not be negligible in the AC-HRTEM image[@b24]. However, image simulation in this study did not take TDS absorption into consideration. The deviation between the experimental and simulated AC-HRTEM images could be due to TDS at much higher projected potential sites (see [Fig. S7](#s1){ref-type="supplementary-material"}). The two types of projected sites are crystallographically equivalent; therefore, Cs^+^ cations must be located on both sites.

*Ab initio* molecular dynamics simulations
------------------------------------------

*Ab initio* molecular dynamics (AIMD) simulations were performed to theoretically clarify the behavior of Na^+^ and Cs^+^ ions around the Na2 sites. The unit cell of the sodium zeolite ZK-4, Na~9~Al~9~Si~15~O~48~, were employed as the simulation cell, which has the same framework as the NaA zeolite. According to the Löwenstein\'s law[@b25], i.e., forbidden sequence of Al-O-Al, the atomic configuration of Al and Si in the framework is limited to only two types (types A and B) as shown in Fig. S8. According to static structural optimizations for several Na2 sites in the crystal, the most stable sites for Na^+^ and Cs^+^ ions are both in the S8R for both the A and B frameworks, and the other possible sites have much higher energies and/or no energy local minima. The type-A framework was selected for the AIMD simulations because of the slightly lower (by 0.05 eV) calculated total energy, which can be qualitatively explained by Dempsey\'s law of least Al-O-Si-O-Al sequences[@b26]. [Figure 5](#f5){ref-type="fig"} shows the positions of Na^+^ and Cs^+^ ions in the S8R every 50 steps during the AIMD simulations at 300 and 1000 K. The positions of Na^+^ ions are circularly distributed in S8R with several dense regions, which correspond to equivalent Na2 sites with partial occupancy. In contrast, the Cs^+^ positions are centrally distributed in the S8R, which is different from the Na^+^ distribution, probably due to the ionic size difference as discussed later. With increasing temperature, Cs^+^ ions still fasten at the central site with larger thermal oscillation. Therefore, the behavior of Na^+^ and Cs^+^ ions in the AIMD simulations support the results from high-resolution electron microscopy.

Discussion
==========

The HAADF-STEM observation of partially Cs^+^-exchanged NaA shows that Cs^+^ cations were exchanged with only Na^+^ cations located at Na2 sites of NaA zeolite. The atomic Na^+^/Cs^+^ ratio of 8/3 expected from this result is consistent with the EDX elemental analysis results (see [Fig. S1](#s1){ref-type="supplementary-material"}). Previous X-ray structural analyses showed that four separate Na2 sites in S8R have partial occupancy of 25% each, which indicates Na^+^ at Na2 sites are statistically located at these four Na2 sites[@b5]. In contrast, Cs^+^ ions within NaA zeolite are exactly located at the center of S8R, as shown by the AC-HRTEM observation. The difference between the cation sites for Na^+^ and Cs^+^ ions in S8R was also confirmed from the trajectories in the AIMD calculations (see [Fig. 5](#f5){ref-type="fig"}).

The interaction of Na^+^ and Cs^+^ with the framework is considered to be basically ionic. However, the atomic-level behavior of these cations in S8R is quite different, as suggested by both the experimental and theoretical results. One main reason for the difference may be the size effect. Although the ionic radius of Cs^+^ (0.17 nm) is much larger than that of Na^+^ (0.10 nm)[@b27], the size of the spacing at the center of S8R favorably fits the Cs^+^ radius. First-principles calculations with static structural optimization showed that smaller sized Na^+^ at a Na2 site has only two nearest-neighboring oxygen ions at the apexes of neighboring TO~4~ tetrahedra with bond lengths of 0.23--0.25 nm, whereas Cs^+^ in S8R is surrounded by eight oxygen ions with bond lengths of 0.34--0.37 nm. These bond lengths are almost equal to the sums of the ionic radii of Cs^+^, Na^+^ and O^2−^ (0.14 nm). Such a bonding environment favors the location of Cs^+^ at the center of S8R.

Finally, it is worth noting that Cs^+^ in S8R of the zeolite is also thermally stable. The present AIMD calculations at high temperature (1000 K) indicated that Cs^+^ is still situated at the center of S8R, without diffusion into other sites. This may also be an indication that Cs^+^ is firmly 'captured\' at the center of S8R. Moreover, Cs^+^ at the S8R center is ionically bonded with as many as eight oxygen ions. Such behavior and bonding environment of Cs^+^ may be advantageous for the application of zeolite to the long-term management of radioactive waste because Cs^+^ leaching from the zeolite would be expected to be significantly low.

In summary, high-resolution microscopic analyses indicate that Cs^+^ cations are exchanged with Na^+^ cations located at the Na2 sites of NaA zeolite. This is the first report of direct atomic-scale imaging of a zeolitic framework and exchanged cations. The large Cs^+^ cations cannot fit into the small S6R cavities; therefore, over 70% of the Na^+^ cations within NaA zeolite are not exchanged with Cs^+^ cations. However, AIMD calculations at high temperature indicate the potential application of NaA zeolite for the long-term storage of Cs^+^ cations following solidification[@b28], especially with respect to the thermal stability of Cs^+^ cations at the center of S8R. To improve the ion-exchange capability of zeolite, it is essential to choose a suitable framework with cavities suitable for the ionic radius of the counter-cation.

Methods
=======

Materials and sample preparations
---------------------------------

Partially Cs^+^-exchanged zeolite was prepared from 0.1 g of NaA zeolite (Tosoh Zeolum 4A type, Si/Al = 1 (atomic)) by immersion into 7.5 mmol/L of nonradioactive CsCl (Sigma-Aldrich) aqueous solution (20 ml) at room temperature for 12 h. Cs^+^-exchanged zeolite powder was separated from solution, washed several times with distilled water, and then dried in air at 50°C. The quantity of Cs^+^ captured in a zeolite particle was estimated using an energy-dispersive X-ray spectrometer (Bruker QUANTAX) attached to a field emission scanning electron microscope (Hitachi High-Tech SU8000). Small crystalline particles of zeolite A were crushed in an agate mortar with ethanol and collected on a gold-coated TEM microgrid.

AC-STEM observations
--------------------

AC-STEM images were obtained with an electron microscope (JEOL JEM2100F, accelerating voltage = 200 kV). The microscope was equipped with a CEOS probe (STEM) corrector. The probe convergence angle was 25 mrad and the detection angle of the HAADF detector was 73--194 mrad. Parts of the images were Bragg-filtered based on a fast Fourier transform. Image processing was performed using Digital Micrograph software (Gatan).

AC-HRTEM observations
---------------------

Prior to observations, the specimen was set under the high vacuum of the TEM column overnight for sufficient dehydration. The AC-HRTEM observations were performed on an electron microscope (JEOL JEM2200FS) equipped with a CEOS image (TEM) aberration corrector. The images were observed at an accelerating voltage of 200 kV and recorded on a slow-scan CCD camera (Gatan Ultrascan1000). The spherical aberration *C*~3~, of the objective lens was controlled to be −15 μm. Parts of the images were Bragg-filtered based on a fast Fourier transform. A minimum-dose system was employed for TEM observations to eliminate unnecessary electron irradiation to the specimen. Image processing was performed using Digital Micrograph software (Gatan).

Multislice (S)TEM simulations
-----------------------------

Simulation of TEM and HAADF-STEM images were executed using Total Resolution LLC MacTempas X based on a multislice method[@b29]. Crystallographic parameters determined from X-ray diffractometry were employed for image calculation of the NaA-type zeolite. The locations of Cs^+^ cations in the zeolitic framework were determined by comparing simulated images and experimental AC-(S)TEM images.

*Ab initio* molecular dynamics simulations
------------------------------------------

AIMD simulations were performed using the projector augmented-wave (PAW) method[@b30] within the generalized gradient approximation (GGA)[@b31] implemented in the VASP code[@b32][@b33]. The plane wave cut-off energy was set to be 400 eV. The 3*s* and 3*p* electrons for Al, Si, and Na, 5*s*, 5*p*, and 6*s* for Cs, and 2*s* and 2*p* for O were treated as valence electrons. The unit cell of ZK-4 zeolite including 81 atoms was used with a single k-point sampling at the Γ-point. The *NVT* ensemble was employed with temperature control using the algorithm by Nosé[@b34]. The time step was set to 1 fs and the total simulation time was 100 ps, which corresponds to 100,000 steps, in which the first 20,000 steps, i.e., 20 ps, were removed as thermal equilibration steps.
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![Crystal structure of NaA zeolite.\
(a) \[100\]-projection of NaA zeolite structure. (b) Schematic model of α-cage. (c) Schematic model of β-cage.](srep02457-f1){#f1}

![Experimental AC-HAADF-STEM images.\
(a) Raw HAADF STEM image of NaA. (b) Filtered HAADF STEM image of NaA. (c) Extracted image of NaA and corresponding structure model. (d) Raw HAADF STEM image of Cs-exchanged NaA. (e) Filtered HAADF STEM image of Cs-exchanged NaA. (f) Extracted image of Cs-exchanged NaA and corresponding structure model.](srep02457-f2){#f2}

![Experimental HRTEM images.\
(a) AC-HRTEM image of NaA. (b) Filtered HRTEM image of NaA. (c) Extracted image of NaA and corresponding structure model. (d) Raw HRTEM image of Cs-exchanged NaA. (e) Filtered HRTEM image of Cs-exchanged NaA. (f) Extracted image of Cs-exchanged NaA and corresponding structure model.](srep02457-f3){#f3}

![Simulated HRTEM images of Cs-exchanged at Na2 site.\
(a) Image simulated with Cs^+^ cation placed at the same position as Na2. (b) Image simulated with Cs^+^ cation placed at a position 0.07 nm away from the center of S8R. (c) Image simulated with Cs^+^ cation placed at the center of S8R.](srep02457-f4){#f4}

![Molecular dynamics simulations of counter cations within zeolite A.\
(a, b) Trajectories of Na^+^ cation placed near the center of S8R of NaA zeolite at 300 and 1000 K. (c, d) Trajectories of Cs^+^ cation placed near the center of S8R of partially Cs-exchanged NaA zeolite at 300 and 1000 K.](srep02457-f5){#f5}
